Abstract. The effect of basalt fibers, produced by the Junkers technology and used as reinforcement in polymer composites, was modeled on the properties of composites, adapting the statistical fiber mat model of Poisson type. The random distribution was approximated by so-called effective spheres that act as defect sites in composites, reducing their strength. The role of fiber heads in strength reduction and the corresponding failure modes were analyzed theoretically using a model and by experiments performed on specimens containing a single fiber head located at different distances from the crack initiation. The applicability of the model was proven both experimentally and by finite element analysis. Based on all these investigations, the effective cross section reduction, and hence the strength reduction (predicted by the model) caused by the presence of fiber heads was proven.
Introduction
Nowadays the most popular reinforcement in polymer composites is glass fiber, which combines high strength and relatively good interfacial adhesion to the polymer matrix with a low price. Recently increasing attention has been paid to fibers of natural origin, among them to basalt fibers [1, 2] , produced from volcanic basalt rock by melting. Due to its excellent reinforcing properties -both alone and in combination with other reinforcements -it spread rapidly, together with other natural fibers [3, 4] . Cheap, non-continuous basalt fibers produced by the Junkers technology are brittle, which has to be considered when producing composites form them. Simple adaptation of processes used for thermoplastic or thermosetting matrix composites may result in a significant decrease of the average fiber length and in the deterioration of mechanical properties [5] [6] [7] . The essence of the Junkers technology is that the basalt melt flows from the gas fired tank furnace into a fiber-forming device with horizontal axis, consisting of an accelerator cylinder and two fiber-forming cylinders. The fibers formed by centrifugal force are blown away by high pressure air. This way of fiber spinning is especially productive and cheap, but its disadvantage is that smaller or larger 'heads' remain at the end of the fibers. The aim of this publication is to analyze the influence of these fiber heads formed on basalt fibers produced by the Junkers technology, gaining popu-larity as a reinforcement in polymer composites, on the mechanical properties of composites [8, 9] .
Materials used
For the experimental tests basalt fibers produced by the TOPLAN Ltd. (Hungary) were used. The matrix material used for polymer/basalt fiber composites (with or without fiber heads), was H 384 F polypropylene produced by TVK Co. (Hungary), while for the single fiber head composites R 359 PP grade was used. The former composite samples were produced by melt mixing and hot pressing at 200°C, while the latter ones by extrusion at 205°C mold temperature followed by cold pressing.
Finite element and analytical modeling, measurement methods
The presence of fiber heads may affect the mechanical properties of composites in various ways. On the one hand they may improve toughness by anchoring the fiber, and on the other hand they serve as defect sites and reduce the strength properties. Based on our experience, the latter aspect seems to be dominant. First finite element modeling was used to determine the characteristics of the stress zones around the fiber head, and then the consequences of this phenomenon on the strength properties of composites were described by an analytical model. DEN-T specimens manufactured from PP and single fiber head PP sheets were used to determine the model parameters, while the real strength reduction caused by the fiber heads was determined by tensile tests on conventional dumbbell shape specimens. Afterwards the results calculated by the model were compared to the measured ones.
Basic experiments needed for the analytical model
Tensile specimens were manufactured from the pressed composite sheets according to standard ISO 527-1:1993 (E), and tensile strength was calculated from the test carried out on these pieces with a universal tensile tester of Zwick Z020 type, at a tensile rate of v = 2 mm/min, as suggested by the standard. The tensile tests of single fiber head composites were carried out on 20×50 mm size DEN-T specimens widely used for measuring EWF (essential work of fracture), machined from 1 mm thick sheets, and a 1-mm wide and 7 mm deep notch was prepared on these specimens, later sharpened by a blade. Tensile tests were carried out on a universal tensile tester of Zwick Z005 type at a tensile rate of v = 0.5 mm/min. The schematic sketch of the specimens can be seen in Figure 1 .
Finite element modeling
Finite element program Cosmos/M was used in our work. An axisymmetric finite element grid made up of Plane2D elements was prepared. The material characteristics were considered constant as a function of temperature. The boundary condition assumed during the analysis was that the bottom plate of the model was fixed in direction Y, and the upper plate was loaded with an evenly distributed force. A boundary layer was applied between the fiber heads and the matrix. The material properties of the thin boundary layer between the matrix and the fibre-head were calculated as the averages of the corresponding material properties of the fibre and the matrix material. This thin layer constitutes a transition zone between the rigid fibres and the soft matrix. The nodes of the finite element mesh at the border of the different materials are common, so the properties of these different materials are matched with each other. The model was cooled down from 160°C to 25°C in one step. Force con- trol and Newton-Raphson method were used in the simulation of the tensile process. The characteristic size of fiber heads is in the order of tens to hundreds of μm, their shape is ellipsoidal or sometimes conical, but they can be well approximated by an equivalent sphere. Figure 2a shows the model of a spherical fiber head, while Figure 2b includes the schematic sketch of the axisymmetric finite element model. Table 1 includes the values of the geometrical parameters shown in Figure 2 . The strength data of the fiber and the matrix based on the literature are shown in Table 2 [4, 10] . The values used in the modeling of thermal effects are listed in Table 3 [11].
Analytical model
Our aim was to model the random distribution of fiber heads and the random fiber head sizes, as well as their stress concentration zones. The fiber heads are approximated by equivalent spheres having the same volume as those of the fiber heads. The socalled 'effect zones' -drawn around the equivalent spheres -, are considered as 100% defect sites. The effect zones include the fiber head, the weak adhesion sites between the fiber head and the matrix, as well as the stress concentration zone around the fiber head (Figure 3 .). The volume ratio between the fiber heads and the other parts of the composite (containing no such kind of defect site) is assumed to determine the decrease in strength. In order to handle this problem, a statistical fiber mat model of Poisson type [12, 13] used also for describing the so called fiber flows [12] [13] [14] [15] [16] was adapted by substituting the fibers by spheres where a sphere G(r,P) (1) was defined as a spherical volume around point P with r radius in the three dimensional real space (R 3 ):
where d(P,Q) is the Euclidean distance of P(x P , y P , z P ) and 
Accordingly, the fiber heads of different shapes and V 0 volume can be substituted by equivalent spheres of identical volume. The radius of this sphere, ρ 0 (3) is the following:
ρ 0 is a stochastic variable, the distribution function of which is Q ρ 0 (r), with finite expected value and standard deviation (Eρ 0 = -ρ 0 , Dρ 0 = σ ρ 0 ). The centre of the equivalent sphere is point C, it can be described by G 0 = G(ρ 0 ,C). The so called 'effect zone' around the equivalent sphere can be described by G(ρ,C) (4) (radius: ρ>ρ 0 ), and is defined as a volume, wherein the stress is significantly larger than in the other parts of the composite. This spherical shell of thickness r e around the equivalent sphere can be expressed by a sphere of radius ρ ( Figure 4 ).
(4)
In general the radius of the effect zone around the effective sphere depends on the radius of the equivalent sphere (5):
If simple special cases are considered, r e may be constant and independent of ρ 0 or may be proportional to it. In the latter case their ratio can be characterized by a constant (α e ) (6):
the resultant radius (7):
where a e (8) is a constant and based on Equation (7):
The distribution of these effect zones (and that of the equivalent speheres) in a composite is random ( Figure 5 ). Consequently, the distribution of the effective spheres can be described by a random sphere set (a set of defect sites or heterogeneities), in which the center point of the sphere is an element of a random point set (named point process in the theory of stochastic processes [13] ) and its radius is a random variable. It has been proven by several experiments that the distribution of different flaws in various materials can be described by the Poisson distribution [13, 17] . Based on this fact -assuming that the spatial distribution of spheres is homogeneous -the centers of these spheres can be characterized by a Poisson point process (X * ) [12, 13] in the three dimensional real space. If B⊂R 3 is a closed convex set, and the number of sphere center points that fall into B is χ B = #(B∩X * ), then the probability that χ B is exactly k = 1, 2, …, ∞ can be given by a Poisson distribution according to (9) . (9) where K is the density of center points and V B = V(B) is the volume of B. Consequently, the expected value and square deviation of χ B in this case can be obtained according to (10) : 
Since the size of the fiber heads is independent of their position, (o is a variable independent from X * and consequently from χ B . The fiber heads serve as defect sites in the composite, hence the effective cross section decreases, and the risk of failure increases. Let B⊂R 3 be a cross section of the composite body. In this case B is a two dimensional rectangle. The intersection of the effective spheres with this cross section can be seen in Figure 6 . If the properties of the number of intersections (ξ B ) of the spheres and B are analyzed, the distribution of ξ B can be determined. Obviously, the spherical vicinity of point C of radius r intersects B if C falls within the r radius G(r,B) spherical vicinity of B [12, 13] . This event of intersection can be characterized by relation (11): {B∩G(r,C)≠ø} = {C∈G(r,B)} (11) where the vicinity of B within the specimen (the intersection of the r radius vicinity of B and the specimen) is a prism of base A and width of 2r. It can be proven that ξ B is of Poisson distribution with the parameters expressed by (12) :
since the volume of the vicinity of B in the specimen is 2Aρ. This way the expected effective volume can be given by the expected value of the effective volume of B according to (13) .
The total volume of spheres intersecting B is given by (14) : (14) Equation (14) is a sum containing a random number of terms where ξ B and ρ are not independent of each other since the vicinity of B -once ξ B is known -depends on ρ (15).
The conditional expected value [13] in (15) is valid for a fixed ρ if ρ i = ρ and ξ B is the number of intersections of similar spheres with B. When calculating this conditional expected value, Eqution (16) is obtained:
wherein Equation (13) was also used. With the help of relation (16), the expected value can be calculated based on (15), according to (17): (17) Knowing V Be , the volume ratio that compares the volume outside the effective sphere to the total inspected volume (18) can be determined:
Based on the results, the fraction of the residual intact area of B can be determined, and this way the extent of strength reduction can be estimated. Another possibility to characterize the effect of fiber heads is to determine the volume sum of all the effective spheres in the effect zone of cross section B, the radius of which is -ρ = E(ρ). The number of these spheres can be estimated by (19) from the average number of the center points that fall into the effect zone of B:
From Equations (12) 
of center points that do not fall into the effect zone B be NCF ( Figure 7 ). Let V BV be the expected value of the volume sum in question that can be calculated by the following sum with a constant number of terms (20): (20) A ratio (21) -similar to (18) -can also be determined using Equation (17): (21) N B contains effective spheres of type (IS, CF) as well as spheres of (IS, NCF) type, while N BV contains (IS, CF) and (NIS, CF) types, considering an average radius vicinity of B. Consequently, the expected values of the numbers of types (IS, NCF) and (NIS, CF) are the same. The ratio between the volume of spheres that intersect B (V Be ) and the volume of those that fall into the effect zone of B (V BV ) can be determined based on (22):
Hence, in case of ρ > 0, the ratio becomes larger than 1 according to Equation (22). The reason for this is that the IS type spheres that are not of type CF (IS, NCF) are larger than those of CF type but do not belong to type IS (NIS, CF). Consequently, V Be gives a better base to model the effect of fiber heads on the composite behavior.
Knowing the values of V Be the effective cross section area (A eff ) can be estimated (23) supposing that the thickness of the effect zone remains 2E(ρ):
The main dimensions of the geometrical shapes of the fiber heads found in the basalt fiber set produced under 'normal' operation conditions were determined, and this way their volume could be calculated, and this distribution is shown in Figure 8 . It can be seen that frequency decreases steeply as the volume increases; this behavior can be approximated by an exponential curve that can be described by the general formula of Equation (24): (24) where V 0 is the fiber head volume and λ = 17.94·10 -3 mm 3 . Since the distribution function of the volume of fiber heads -consequently the volume of the equivalent spheres -is of exponential characteristic [13, 17] , its parameter, λ is the reciprocal of the average volume of the fiber heads. Accordingly, using Equations (3), (12) and (17) the volume of equivalent spheres can be calculated easily. With the help of Equation (3), the equivalent radius (ρ 0 ) (25) can be calculated using the fiber head distribution found to be exponential: (25) where Γ(p) is the gamma function [13, 17] (p > 0 real value), the values of which in case n = 1, 3 and 4 are Γ(4/3) = 0.89298, Γ(2) = 1 and Γ(7/3) = 1.19069, respectively. On the basis of these results, the quantities according to Equations (17) and (21) can be rewritten in the following way ( (26), (27) and (28) Consequently, the volume of spheres intersecting B is 1.33 times larger than that of spheres with centers falling within the effect zone of B. The former method was used in our calculations. Since Φ B 0 < 1, the relation is valid if K < 3λ/4. This way the fourth moment of the radius (ρ) of the effective spheres (29) corresponding to (25) can be calculated by Equation (5) or (7). Using Equation (5) leads to a complicated expression:
In case of Equation (7) the result differs from Equation (25) only in a constant factor according to (30):
Using these formulae, the volume ratios according to (18) , (21) and (22) as well as the effective cross section (23) can be calculated.
Results and discussion

Finite element results
The tensile test of basalt fibers with fiber heads embedded into PP matrix was modeled in the finite element simulations. Simple tensile tests were carried out on the model, and calculations were completed in order to determine the thermal stresses that arise when the unloaded model is cooled down from 160°C to 25°C, and finally the tensile test of the model loaded with thermal stresses was simulated. Figure 9 shows the results of the finite element simulation of the simple tensile test, including the von Mises type equivalent stress and equivalent strain that arise if an interface is applied in the vicinity of the fiber head. Figure 9a reveals that the stress zones are elongated in the direction of loading (Y) and have a shape of a deformed ellipse. The stress zone below the fiber head is more significant than the one above it. Based on all these it can be stated that the separation of the fiber head/matrix is likely, hence the additional stresses in the direction of loading are significant, and have to be taken into consideration during strength dimensioning. The equivalent strain introduced in Figure 9b reaches the peak value at the border of the fiber head. Figure 10a shows the calculated results of the finite element simulation of cooling down from 160°C to 25°C. The detailed part reveals that additional stress arises evenly around the fiber head. This stress is large close to the surface of the fiber head but decreases quickly if the distance increases. The effect zone is much smaller than that experienced in case of tensile strength. Accordingly, it is expected to be of greater importance in case of interfacial layer separation and the yielding of the matrix material around the fiber head. Figure 10b illustrates the calculated finite element results of the combined stress of cooling down from 160°C to 25°C and the simple loading. These values differ from the stress distribution that forms on samples exposed to tensile tests without cooling. The stresses around the fiber head embedded in PP that arise due to the increased tensile loading can be found in Figure 11 . The tensile strength is increased to a three times higher value in order to be able to study the yielding phenomenon of the matrix material around the fiber head. The yielding zones can be observed well at this level of loading. Based on Figure 11 it can be stated that the stress map obtained agrees well with the data found in the literature [18] . Since the yield point of the matrix is 22 MPa, the von Mises stress does not exceed this value if loading is increased. However, the size of yielded areas increases if loading is increased. This larger area characterizes the yielding zones. The largest yielding occurred at the meridian of the fiber head due to the changed interfacial relations, and this differs from that Figure 9 shows. The size of the stress concentration zone, oriented in the direction of the fiber, decreased significantly.
Experimental determination of the parameters of the analytical model
The verification of the processes and their parameters is essential before the described theoretical model can be applied. Hence specimens containing PP matrix, single fibers and single fiber heads were manufactured, i.e. pressed from an extruded melt. Single fiber and single fiber head composite tensile tests were carried out on these specimens. In case of the pressed samples it has been found that the results for single fiber head differed from the PP type R359 in the shape of the tensile curve and in the failure mode as a function of the t fiber head distance defined in Figure 1b . If t was small enough (ca. < 0.5 mm), the line of the crack diverged from the straight line that connects the two notches, and went through the fiber head (Figures 12a and b) . If the distance was somewhat larger, the line of the crack did not go through the fiber head, and the cracks, initiated around the fiber head, slightly changed the crack path (Figures 12c  and d) . Finally, if the fiber head was far enough from the tensile cross section, additional stresses were formed but had no influence on the crack propagation (Figures 12e and f) . A strong inter-relation was found between the fiber head-matrix interaction and the state of stress during the tensile tests, and the tensile curve was divided into the following stages accordingly: I. The fiber and the matrix are deformed simultaneously II. Yielding around the fiber head III. Propagation of cracks initiating from the fiber head Furthermore, zones a and b were also defined that include the events separating the various stages: a. Complete separation of the interface between the fiber head and the matrix, ceasing of adhesion b. Crack formation perpendicular to the direction of loading on the meridian of fiber heads. These stages can be evaluated since the size of fiber heads, as well as the adhesion between the fiber heads and the matrix correspond to the real values. This way calculations modeling the role of fiber heads played in the strength reduction could be made relatively simply. Firstly pure PP was examined, and its tensile strength was compared to the result of PP containing fiber heads as well. If the Vol.1, No.2 (2007) 109-121 Figure 12. The effect of the distance of fiber heads from the theoretical failure cross section: the fiber head falls into the failure cross section (a) (b), the line of crack propagation inclines in the direction of the fiber head (c) (d), the fiber head has no significant influence on crack propagation (e) (f) latter value is divided by the former one, an effective flaw area (assumed to be circular), i.e. a decrease in the cross section, was calculated. Based on the ratio of this circle and the radius of the fiber head, an effective sphere radius could be calculated. A characteristic tensile curve and its stages are illustrated in Figure 13 . Based on the aforementioned facts the process of the tensile test was as follows. In stage I no change occurred in the structure of the sample, the deformation was totally reversible. In zone a the interfacial separation of the fiber head and the matrix occurred, and in stage II it was surrounded by an increasing yield vicinity (characteristically spherical) (Figure 12e ). In zone b cracks formed on the meridian of the fiber head -depending on the distance from the theoretical tensile cross sectionand at the same time the cracks initiated from the notches, and finally total failure occurred (Figures 12a and b) . If the propagation direction of cracks initiating from around the fiber head differed from those starting from the notches, then their size was limited by the failure of the cross section (i.e. when loading stopped). The influence of the distance of the fiber heads from the theoretical failure cross section on the tensile strength was analyzed during the above mentioned investigations ( Figure 14) . A dotted horizontal line shows the tensile strength of the matrix in Figure 14 . The measurement points approach the strength of pure PP (containing no additives) asymptotically as distance t increases. An exponential curve was fitted on the points, and its general equation is the following (31):
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at R = 0.990 correlation factor, where: σ c0 = 26.60 MPa, A 1 = 0.934 MPa, t 1 = 0.280 mm, and t 1 is the constant of the exponential part. Based on the above mentioned facts it could be stated that if the distance between the fracture cross section and the fiber head is larger than (3-4)·t 1 = 0.84 … 1.12, the fiber heads had no significant influence on the measured strength. The shape of the curve corresponds to the assumptions of the theoretical model (r radius vicinity of B). In case of 0.5 mm distance, the decrease in strength occurred more definitely. In case of 0 distance, the decrease in strength reached 0.92 MPa (3.34%). If the asymptotic character of the curve is neglected, and linear extrapolation is calculated from the first seven measurement points, then this influence ceases at t = 0.62 mm. For the sake of simplicity, this range was considered to be the r radius vicinity of cross section B in the model (r = t 0 = 0.62 mm). Accordingly, within this range the strength was handled as an average constant, as the half of the total difference (Δσ) (32): where σ m is the tensile strength of the PP without fiber heads, σ fh is the tensile strength of PP containing one fiber head -in the effective vicinity of the tensile cross section. Hence, if the effective spheres are handled as 100% defect sites, and are assumed to be exactly symmetrical to the plane of the failure cross section, A eff introduced in (23) can be determined with the help of (33), (34) and (35). From A eff the area of the meridian of the effective sphere (A fh ) can be determined simply based on (36).
(33) (34) (35)
where F 0 is the tensile strength of PP without fiber head, F fh is the tensile strength of PP with one fiber head, while A 0 is the area of the failure cross section. Knowing A fh , the diameter (d) of the -supposedly circular -area can be determined:
Knowing the diameter of the fiber heads used in the measurements, the value of a e introduced in (8) can be determined (38) with the help of (37).
Based on Figure 14 , σ m = 27.52 MPa and Δσ = 0.46 MPa, and considering that during the measurement A 0 = 4.88 mm 2 , d fiber head = 223 μm, the ratio between the diameter of the effective sphere and that of the equivalent spheres turned out to be a e = 1.81. Figure 15 reveals the influence of fiber head volume on the tensile strength. The relation of fiber head volume and tensile strength is linear and can also be characterized by the general formula of (39):
at R = 0.986 correlation, where V fh is the fiber head volume, a c = -11.6·10 -3 MPa/mm 3 and b c = 27.54 MPa. Furthermore, the linear relation verifies the correctness of the method of considering the effective spheres based on the ratio of their volume (Equation (21)).
Application of the model
The test results obtained on composites produced by melt mixing were supplemented by measurements carried out on specimens produced in the same way but using basalt fibers containing fiber heads. Figure 16 shows the tensile strength of composites with and without fiber heads as a function of fiber content. A polynomial curve of the fifth order was fitted on the measurement points showed in Figure 16 [12] . Differences appear between the strength values in the fiber content interval between 8.5 and 20 vol%. In case of lower fiber contents, the effect of fiber head presence or absence is negligible. If the fiber content exceeds the upper value of the interval, the role of fiber heads is again less significant due to the discontinuities in the composite structure (the matrix does not fill the voids among the fibers sufficiently). Hence the model was examined only in the middle range (8.5-20 vol%) . The expected values of the composites containing fiber heads were calculated from the strength values of the coresponding material without fiber heads using the proposed model. The most important variable of the model is a e , determined by finite element modeling and by investigating single fiber head composites. The aim of the finite element modeling was to obtain information on the size of the stress collection zones. If the stress collection zones exceeding the 0.92 MPa difference relative to the far vicinity of the fiber head are considered, a e = 1.67 was obtained. The Φ BV values calculated from these results based on (21) provide the extent of strength reduction directly. The Φ BV obtained in cases of different values (finite element modeling and tensile testing of PP specimens with single fiber head) are summarized in Table 4 . The results revealed in Table 4 are more illustrative in graphics. Hence the values measured in tensile tests on basalt fiber associated composites with and without fiber heads ( Figure 16 ) and the results calculated based on the models are shown together in Figure 17 . Linear approximation was applied in the described stage. The uppermost line corresponds to composites without fiber heads, and the lowest one to the measured tensile strength of composites containing fiber heads. The line in the middle represents the calculations with the parameter values determined by finite element modeling. In this case the extent of strength reduction did not approach the real one.
The reason is that although the model was developed further, in addition to interfacial processes relaxation phenomena could also take place, hence further refinement may be necessary to describe processes accurately. The results obtained from single fiber head measurements correspond to the measurements carried out on composites with fiber heads. This is probably accidental, since the strength values of the composites with and without fiber heads deviate around the regression line in both directions and to different extents. Considering all the statements made, it was found that the model approximates the real processes well using parameter ae, hence the initial conditions and the principle turned out to be correct.
Conclusions
The influence of fiber heads, formed during the production of basalt fibers was studied in this article on the mechanical properties of composites. The fiber heads are of large size and number due to the characteristics of the technology. From the two main aspects related to the presence of these inclusions in the matrix, that is the improvement of toughness and defect site formation, the latter one turned out to be dominant. Firstly, the problem was analyzed by finite element simulations, in order to determine the intrinsic failure mode of the material. Afterwards, a theoretical model was created in characterizing the fiber head by an equivalent sphere, while its surroundings, the stress collection zone were described by another concentric sphere called effective sphere. The distribution of these effective spheres was described by a Poisson model. The main parameters of the model were determined with tensile tests on composites with a single fiber head embedded in PP. During these tests the influence of its size and the distance from the theoretical failure cross section on the tensile strength was analyzed. This way the effective cross section reduction, hence the role of fiber heads as volumetric defect sites in reducing the tensile strength were verified. The correctness of the model was verified by tensile tests made on composites made of basalt fibers with and without fiber heads. 
